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Peter  J.  Mardahl,  and  Michael  D.  Haworth 


Abstract — A  compact  axial  7r-mode  extraction  scheme,  which  is 
based  on  a  patent  by  Greenwood,  is  demonstrated  in  conjunction 
with  the  UM/L-3  relativistic  magnetron  using  the  particle-in-cell 
code  ICEPIC.  Cases  utilizing  Greenwood's  extraction  technique 
were  compared  with  power  extraction  using  traditional  radial 
waveguides.  Average  extracted  power  values  in  all  simulated  axial 
cases  were  found  to  be  within  +/—  6.5%  of  the  radial  cases. 
Cases  utilizing  85°  and  90°  sector  waveguides  were  found  to  have 
efficiencies  up  to  ten  percentage  points  higher  than  the  radial  case. 
The  best  performing  case  was  found  to  use  a  set  of  three  axially 
oriented  90°  sector  waveguides,  shorted  on  the  upstream  side, 
with  the  short  located  15  cm  from  the  center  of  the  magnetron 
apertures. 

Index  Terms — High  power  microwaves,  relativistic  magnetron, 
radio-frequency  extraction. 

I.  Introduction 

ARISING  from  efforts  to  develop  compact  relativistic 
magnetron-based  sources,  it  was  determined  that  tradi¬ 
tional  radial  extraction  designs,  an  example  of  which  is  shown 
in  Fig.  1,  did  not  conform  to  desired  size  constraints.  Thus,  a 
need  to  design  a  new  way  for  extracting  microwave  power  from 
a  magnetron  while  maintaining  a  compact  efficient  package 
was  developed.  One  technology  of  current  interest,  which  po¬ 
tentially  addresses  this  need,  is  the  magnetron  with  diffractive 
output  [1] — [3].  Another  method,  proposed  by  Greenwood  [4], 
couples  power  into  an  array  of  axially  oriented  sector  wave¬ 
guides.  Greenwood’s  extraction  method  is  the  focus  of  the 
computational  studies  presented  here. 

0.  Background 

Greenwood’s  extractor  design  was  derived  from  consider¬ 
ing  the  magnetic  coupling  employed  by  a  rectangular  slotted 
waveguide  antenna  and  applying  reciprocity.  A  piece  of  a  typ¬ 
ical  slotted  waveguide  antenna,  designed  to  radiate  the  lowest 
order  (TEio)  mode,  is  shown  in  Fig.  2.  Note  that,  in  order  to 
radiate,  the  slots  must  be  placed  such  that  the  current  on  the 
waveguide  wall  is  interrupted.  For  a  TEio  mode  propagating  in 
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Fig.  1 .  Depiction  of  a  relativistic  magnetron  using  a  radial  extraction  scheme. 


a  hollow  waveguide,  the  time  harmonic  electromagnetic  fields 
in  phasor  form  ( e~lUjt  time  convention)  are  given  by 


where  eo  is  the  wave  amplitude,  770  is  the  impedance  of 
free  space,  k  =  uj/c  =  27t/A0  is  the  free-space  electromagnetic 
wavenumber,  uj  is  the  radial  frequency,  c  is  the  speed  of  light, 
kz  =  [k2  —  (7r /a)2]0*5  =  27t/A^  is  the  waveguide  propagation 
constant,  Ao  is  the  free-space  electromagnetic  wavelength,  \g 
is  the  guided  wavelength,  and  i  =  (— 1)°  5.  The  surface  current 
density  in  the  top  waveguide  wall  is  then  given  by 
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Fig.  3.  Depiction  of  a  relativistic  magnetron  cross  section  using  Greenwood’s 
extraction  concept. 

Thus,  the  transverse  (rr-directed)  current  on  the  top  wall  has  a 
cosine  distribution  with  a  null  value  along  the  center  axis  of 
the  wall.  A  slot  cut  along  the  center  axis  of  the  wall  does  not 
radiate,  which  is  the  reason  that  the  slots  in  Fig.  2  are  located 
off  the  center  axis.  Furthermore,  the  radiation  from  two  side-by- 
side  slots,  symmetric  about  the  center  axis  of  the  wall,  is  1 80° 
out  of  phase  and  tends  to  cancel.  Thus,  the  slots  on  the  opposite 
sides  of  the  center  axis  of  the  wall  are  spaced  by  one-half  of 
a  waveguide  wavelength  (A^/2);  therefore,  the  radiation  is  in 
phase.  By  reciprocity,  to  excite  a  TEio  mode  in  a  rectangular 
waveguide  through  a  slot  in  the  broad  wall  of  the  waveguide, 
the  slot  must  be  located  off  the  center  axis  of  the  wall.  Two 
side-by-side  slots  on  opposite  sides  of  the  center  axis  excite  the 
TEio  mode  if  they  are  driven  180°  out  of  phase. 

Conventional  and  relativistic  magnetrons  are,  in  general, 
preferentially  operated  in  the  n  mode  [5]-[7],  which  is  char¬ 
acterized  by  a  phase  shift  of  7 r  rad  (180°)  between  the  fields  in 
adjacent  cavities.  Thus,  based  on  the  preceding  discussion,  a  set 
of  two  adjacent  cavities  could  be  used  to  drive  the  fundamental 
mode  in  a  single  waveguide. 

Due  to  the  constraints  of  the  cylindrical  geometry  of  the 
relativistic  magnetron,  in  order  to  connect  the  two  adjacent 
magnetron  cavities,  a  double-baffled  cylindrical  coaxial  sector 
waveguide  is  used  instead  of  a  rectangular  one.  It  is  important 
to  note  that  differences  exist  between  the  sector  waveguide 
fundamental  mode  (TEn)  and  the  rectangular  waveguide  fun¬ 
damental  mode  (TEio),  due  to  the  curvature  of  the  sector 
waveguides;  however,  the  aforementioned  general  method  of 
coupling  electromagnetic  energy  into  and  out  of  the  waveguides 
will  still  apply.  The  coupling  of  electromagnetic  energy  into 
the  sector  waveguide  TEn  mode  will  be  further  treated  in 
the  following  sections.  Fig.  3  depicts  an  example  of  a  six- 
vane  relativistic  magnetron  coupled  to  a  set  of  three  90°  sector 
waveguides. 


III.  ICEPIC  Simulations 

The  University  of  Michigan’s  UM/L-3  relativistic  mag¬ 
netron,  which  has  previously  been  studied  both  computationally 
and  experimentally  [8]— [  1 3],  was  chosen  to  be  the  test  case 
used  to  compare  Greenwood’s  extraction  technique  against 
traditional  radial  extraction  methods.  Simulations  comparing 
the  two  extraction  methods  were  carried  out  using  ICEPIC  [14]. 

Fig.  4  shows  cross-sectional  geometry  for  the  UM/L-3 
relativistic  magnetron  in  the  radial  extraction  configuration 


-20  0  20 
Simulation  X-Axis 


Fig.  4.  Simulation  geometry  for  the  radially  extracted  case.  Particle  configu¬ 
rations  shown  are  for  7r-mode  operation  at  Bz  =  0.25  T  at  400  ns. 


1.75  cm 


Anode  Axial  Length  =  20.32  cm 
Coupling  Slot  Axial  Length  =  10.64  cm 

Fig.  5.  Physical  geometry  of  the  UM/L-3  relativistic  magnetron  anode.  Fea¬ 
tures  are  resolved  to  within  the  2  mm  x  2  mm  x  2  mm  Cartesian  grid  utilized 
in  the  ICEPIC  simulations. 

used  in  the  radially  extracted  control  case.  This  is  the  same 
extraction  method  used  in  previously  published  work  [8]— [13]. 
Radial  waveguides  are  connected  to  every  other  coupling  cav¬ 
ity,  whereas  the  remaining  cavities  are  shorted  with  metal 
plates.  Waveguide  loads  were  implemented  using  the  perfectly 
matched  layer  (PML)  boundary  condition  [15],  [16].  The  sim¬ 
ulation  geometry  for  the  radial  case  is  the  same  as  that  used 
in  [13],  with  the  exception  of  the  larger  2.5-cm-diameter  cath¬ 
ode  used  here.  Additional  details  on  the  UM/L-3  relativistic 
magnetron  anode  block  are  provided  in  Fig.  5.  Electrostatic 
end  balls  were  included  on  both  the  upstream  and  downstream 
portions  of  the  cathode  to  reduce  end-loss  current  from  the  mag¬ 
netron.  A  Cartesian  grid  was  utilized  in  all  simulations.  Grid 
resolution  along  all  three  axes  for  all  simulations  performed 
was  2  mm. 

An  example  of  simulation  geometry  initialized  in  the  cases 
using  Greenwood’s  extraction  method  is  shown  in  Fig.  6.  In 
the  first  set  of  simulations,  each  of  the  three  sector  waveguides 
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Simulation  X-Axis  [cm] 


Fig.  6.  Simulation  geometry  for  the  axially  extracted  case  using  90°  sector 
waveguides.  Particle  configurations  shown  are  for  7r-mode  operation  at  Bz  = 
0.25 Tat  400  ns. 

was  terminated  at  both  ends  using  a  PML.  The  radial  height  of 
each  of  the  sector  waveguides  was  8.25  cm.  Extraction  cases 
using  waveguide  sector  angles  of  85°,  90°,  95°,  and  100°  were 
simulated.  Each  of  the  sector  waveguides  had  an  inner  radius 
of  approximately  8.9  cm  and  an  outer  radius  of  17.1  cm.  Cutoff 
frequencies  for  each  of  the  waveguides,  calculated  as  per  [17] 
and  [18]  for  the  lowest  order  mode  (TEn),  were  found  to  be 
781,  738,  700,  and  665  MHz  for  the  of  85°,  90°,  95°,  and  100° 
sector  waveguides,  respectively. 

Cold  test  simulations  were  performed  on  the  radially  ex¬ 
tracted  case  and  all  four  axially  extracted  cases.  The  cold 
7r-mode  frequency  of  the  radial  case  was  found  to  be  1 .035  GHz. 
The  cold  7r-mode  frequency  was  reduced  to  1 .030  GHz  in  the 
85°  sector  angle  case  and  was  found  to  drop  by  20  MHz  for 
every  additional  5°  of  angular  width  up  through  100°. 

Fig.  7(a)  depicts  power,  voltage,  current,  and  efficiency  data 
from  the  radial  extraction  in  which  the  applied  magnetic  field 
was  0.25  T.  A  fast  Fourier  transform  of  the  voltage  across  one 
of  the  magnetron  cavities  is  shown  in  Fig.  7(b).  Simulations  for 
both  the  radial  extraction  cases  and  the  axial  extraction  cases 
were  performed  using  magnetic  fields  ranging  from  0.25  to 
0.30  T.  In  all  simulations,  the  unloaded  (zero  current  emission) 
voltage  across  the  2-cm  anode-cathode  (A-K)  gap  was  set  to 
300  kV.  Due  to  the  constant  impedance  of  the  voltage  input 
boundary,  as  net  current  drawn  by  the  magnetron  increased,  the 
A-K  gap  voltage  drooped  linearly.  Fig.  8  depicts  a  plot  of  net 
cathode  current  drawn  by  the  magnetron  versus  the  A-K  gap 
voltage  during  steady-state  operation  for  all  extraction  cases  at 
magnetic  fields  within  the  previously  stated  range. 

Steady-state  extracted  power  as  a  function  of  applied  mag¬ 
netic  field  for  all  extraction  cases  is  plotted  in  Fig.  9(a).  Fig.  9(b) 
displays  the  corresponding  operating  efficiencies  for  each  mag¬ 
netic  field  case.  All  axial  extraction  cases  examined  were  found 
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Fig.  7.  (a)  Power,  voltage,  current,  efficiency,  and  (b)  operating  frequency  for 
the  radially  extracted  case  at  Bz  =  0.25  T. 
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Fig.  8.  A-K  gap  voltage  as  a  function  of  net  cathode  current  drawn  at  steady- 
state  magnetron  operation. 


Fig.  9.  (a)  Power  as  a  function  of  applied  magnetic  field  and  (b)  efficiency  as 
a  function  of  applied  magnetic  field  for  all  extraction  cases. 
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Fig.  10.  Extracted  power  as  a  function  of  waveguide  short  location  for 
(a)  the  Bz  =  0.27  T  case  and  (b)  the  Bz  =  0.25  T  case.  For  comparison,  total 
extracted  power  for  each  magnetic  field  case  utilizing  unshorted  waveguides  is 
also  indicated. 

to  have  output  power  values  within  +/— 10  MW  of  the  radial 
extraction  case.  The  85°  and  90°  sector  waveguide  cases  did 
exhibit  higher  efficiency  than  the  radial  extraction  cases  at  all 
but  the  highest  magnetic  field  values.  As  previously  mentioned, 
cathode  end  loss  current  was  suppressed  in  all  simulations  due 
to  the  inclusion  of  nonemitting  electrostatic  end  balls  on  the 
cathode.  Enhanced  end  loss  current  would  reduce  magnetron 
efficiencies  to  values  closer  to  those  described  in  previous 
work  [8]— [13]. 

Because  the  90°  sector  waveguide  case  showed  the  best 
balance  of  power  and  efficiency,  it  was  chosen  as  the  study 
case  for  inclusion  of  waveguide  shorts  on  the  upstream  side  of 
the  waveguides.  Fig.  10  depicts  data  from  two  magnetic  field 
cases  in  which  a  range  of  axial  positions  for  the  waveguide 
short  were  simulated.  Length  values  given  are  the  magnitude 
of  the  distance  between  the  axial  center  of  the  10.6-cm-long 
magnetron  apertures  and  the  ^-coordinate  of  the  waveguide 
short.  Steady-state  voltage  and  current  data  corresponding  to 
the  simulation  data  presented  in  Fig.  10  are  provided  in  Fig.  1 1 . 

At  a  frequency  of  1 .025  GHz,  the  guided  wavelength  for  the 
fundamental  mode  of  the  90°  sector  waveguides  was  calculated 
to  be  42.2  cm.  Thus,  for  the  maximum  power  transfer  in  the 
-(-^-direction,  waveguide  shorts  should,  theoretically,  be  placed 
a  quarter  wavelength  away  from  the  center  of  the  magnetron 
apertures  at  approximately  z  =  —10.5  cm.  Placing  the  wave¬ 
guide  shorts  at  one-half  wavelength  from  the  center  of  the 
magnetron  apertures  (z  =  —21.1  cm)  should  result  in  the  little 
or  no  power  extraction  in  the  -\-z  direction. 

Interestingly,  in  the  Bz  =  0.25  T  case,  when  the  distance 
between  the  waveguide  short  and  the  center  of  the  magnetron 
apertures  ranged  from  6  to  14  cm,  the  magnetron  oscillated  in 
an  unextractable  1.754-GHz  27r/3-like  transverse  mode  with 
a  higher  order  axial  mode,  as  shown  in  Fig.  12,  instead  of 
the  expected  1.025-GHz  7 r  mode.  The  Bz  =  0.27  T  case  did 
not  experience  a  noticeable  mode  shift  for  waveguide  short 
locations  in  the  same  6-14-cm  range  but  did  experience  a  nearly 
25-MHz  reduction  in  7r-mode  frequency  in  this  range,  sug- 


Fig.  1 1 .  Steady-state  voltage  and  current  as  a  function  of  waveguide  short 
location  for  (a)  the  Bz  =  0.27  T  case  and  (b)  the  Bz  =  0.25  T  case. 
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Fig.  12.  Undesired  axial  mode  observed  in  the  90°  sector  waveguide  cases 
with  Bz  =  0.25  T  and  waveguide  short  locations  in  the  range  of  6  to  14  cm 
from  the  center  of  the  magnetron  apertures. 


gesting  the  short  locations  were  still  interfering  with  7r-mode 
operation,  possibly  through  enhancement  of  the  competing 
higher  order  mode  observed  in  the  Bz  =  0.25  T  case.  Due  to  the 
presence  of  the  competing  high-order  mode,  the  best  waveguide 
short  position  was  found  to  be  at  z  =  —15  cm. 

Simulation  geometry  and  particle  plots  are  shown  in 
Fig.  13(a)  and  (b)  for  the  xy  plane  and  the  xz  plane  of  one  of  the 
90°  sector  waveguide  cases  with  Bz  =  0.25  T  and  a  waveguide 
short  located  15  cm  from  the  center  of  the  magnetron  apertures. 
In  these  figures,  the  magnetron  is  operating  correctly  in  the 
7 r  mode.  Pseudocolor  plots  of  the  electric  field  for  this  same 
case  are  provided  in  Fig.  14(a)  and  (b). 
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Fig.  13.  (a)  xy  plane  cross  section  and  (b)  xz  plane  cross  section  of  the 
simulation  magnetron  operation  in  the  n  mode,  using  shorted  90°  sector 
waveguide  case  with  Bz  =  0.25,  with  waveguide  short s  located  15  cm  from 
the  center  of  the  magnetron  apertures. 
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Fig.  14.  Pseudocolor  plot  of  the  radial  component  of  the  electric  field  during 
7r-mode  operation  of  the  90°  sector  waveguide  case  with  Bz  =  0.25  with 
waveguide  shorts  located  15  cm  from  the  center  of  the  magnetron  apertures. 


IV.  Summary  and  Conclusion 

Simulations  comparing  Greenwood’s  axial  extraction  tech¬ 
nique  with  traditional  radial  extraction  methods  were  per¬ 
formed,  using  the  UM/L-3  magnetron  geometry.  The  initial  set 
of  simulations  compared  magnetron  performance  using  radial 
extraction  with  using  bidirectional  axial  extraction  into  sets  of 
sector  waveguides.  In  all  cases  tested,  axially  extracted  power 


was  within  H-/— 6.5%  of  power  extracted  in  the  radial  case. 
Overall,  the  axially  extracted  case  using  90°  sector  waveguides 
was  chosen  as  the  best  performing  case  due  to  equaling  the 
radially  extracted  case  in  both  power  and  slightly  exceeding 
the  radially  extracted  case  in  efficiency  in  for  all  magnetic  field 
values  used. 

Subsequent  simulations,  focusing  on  the  90°  sector  wave¬ 
guide  case,  implemented  a  waveguide  short  on  all  upstream 
(—z)  waveguides  such  that  all  power  was  extracted  in  the 
downstream  (- \-z )  loads.  Results  from  these  simulations  showed 
that,  in  addition  to  the  expected  waveguide  interference  patterns 
due  to  the  position  of  the  waveguide  short,  there  were  regions 
in  which  placement  of  the  waveguide  shorts  negatively  affected 
the  operating  mode  of  the  magnetron.  For  example,  at  an  axial 
magnetic  field  value  of  0.25  T,  when  the  waveguide  shorts 
were  located  anywhere  in  the  range  of  6  to  14  cm  from  the 
center  of  the  magnetron  apertures,  instead  of  operating  in  the 
expected  it  mode,  the  magnetron  was  forced  into  operating  in 
a  27r/3-like  transverse  mode  with  a  higher  order  axial  mode, 
which  resulted  in  zero  extracted  power.  In  the  cases  simulated, 
locating  the  waveguide  shorts  15  cm  from  the  center  of  the 
magnetron  apertures  resulted  in  the  best  performance. 

It  is  well  known  that  the  loading  caused  by  radio-frequency 
extraction  methods  can  have  a  strong  effect  on  the  operating 
mode  of  a  magnetron  [5].  Because  the  UM/L-3  anode  geometry 
was  originally  designed  for  use  with  a  radial  extraction  scheme, 
it  is  not  entirely  surprising  that  changing  the  extraction  method 
would  introduce  unwanted  mode  competition.  It  is  reasonable 
to  expect  that  minor  modifications  to  the  anode  and  extraction 
apertures  could  be  performed  to  help  suppress  the  higher  order 
mode  and  optimize  magnetron  performance  with  the  axial 
extraction  scheme. 
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